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ABSTRACT 

We used photospheric intensity images and magnetic field measurements from 
the New Solar Telescope in Big Bear and Helioseismic Magnetic Imager on board 
Solar Dynamics Observatory (SDO) to study the the effect that the new small-scale 
emerging flux induces on solar granulation. We report that emerging flux appears to 
leave different types of footprint on solar granulation: i) diffuse irregular patches of 
increased brightness, ii) well defined filament-like structures and accompanied bright 
points, and iii) bright point-like features that appear inside granules. We suggest 
that the type of the footprint depends on the intensity of emerging fields. Stronger 
fields, emerging as a part of large magnetic structure, create on the solar surface a 
well defined filamentary pattern with bright points at the ends of the filaments, while 
weak turbulent fields are associated with bright patches inside the host granule. 



Introduction 



New magnetic fields constantly emerge into the solar atmosphere at variety of spatial scales 
ranging from hundreds of megameters (active regions) to a fraction of a megameter (granule). 
Each emergence episode injects energy into the solar atmosphere, that further cascades along the 
spatial scales to be later released in form of solar flares, coronal mass ejections, coronal heating, 
plasma flows, etc. It is essential to understand the detail of the flux emergence process, especially 
the interaction of the new injected flux with the pre-existing fields as well as the interaction of 
emerging fields with convection flows and their effect the solar photosphere. 

Strong large scale emerging fields signi ficantly modify solar granulation. Granules may be- 
come elongated ( llshikawa & Tsunetal 120101) tran sient darkening and new bright points often 
appear at the emergence site ( ICheung et a I J 120071 ) . However, it is less known about the foot- 
print of weak small-scale (< 2 Mm) emerging fields. Sm a ll-sca le and weak (< 1 kG), predomi- 
nantly horizontal fields were first reported by Lites et a I J ( 119961 ). They are short-lived, typically 
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Zhou et al.ll2010l ). which is of order of 10 17 
The small-scale magnetic elements have 
and may cover nearly 60% of the area, 



field strength less than 1 kG (e.g., 
most of which corresponds to intergranular lanes ( jPommguez Cerdena et al.ll2003l ). Significant 
fraction of the m agnetic flux appears as Q loops, which e merge at the rate of 0.02 loops per 
hour and arcsec 2 (IMartmez Gonzalez & Bellot Rubiol 120091 ). bringing to the solar surface up to 
10 24 Mx of flux daily (Lites et al]ll996l). Only about 23 % of the loops are observed to reach the 
chromosphere ( IMartmez Gonzalez & Bellot Rubioll2009l ). While some authors conclude that the 
emerging fields do not seem t o be correlated with any brightness structures and/or affect neigh- 
bouring G-band bright points ( IGomorv et al.ll2010l ). o thers point out that e mergence disturbs the 
granulation and is associated with granule extension ( jlshikawa et al.ll2008l ). 



In this paper we will focus on the footprint of small-scale emerging fields on the granulation 
field at the site of emergence. 



2. Observations 



In this study we used three different data sets that in clude photospheric i mages and magnetic field 
measurements from the New Solar Telescope fNST. lGoode et a I JI20 lOallbh as well as Stokes da ta 
from SDO's Helioseismic and Magnetic Imager (HMI, Scherrer et al. 12012 : Schou et al. 2012 ). 



The NST intensity images were acquired using the broad-band filter imager (BFI) equipped 
with a TiO 1.0 nm interference filter centered at 705.7 nm. The pixel scale and field of view 
(FOV) for the BFI were 0.0375" and 77". All data were acquired with the temporal sampling of 
about 10 s and with the aid of an adaptive optics system that utilizes a 97 actuator deformable 
mirror The time series were speck le reconstructed employing the KISIP speckle reconstruction 
code ( IWoger & von der Lu hd 120071 ) and then rigidly co-aligned using cross-correlation and de- 
stretched to remove distortions due to residual seeing effects of the Earth's atmosphere. 



To detect magnetic field emergence we used 1" resolution 45 s cadence full-disk SDO/HMI 
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line-of-sight HMI magnetograms and 12 min averaged HMI Q and U maps a vailable at JSO<j ^| 
and polarization maps from NST's InfraRed Imaging Magnetograph (IRIM, ICao et alJ bold ). 



The IRIM is an imaging solar spectro-polarimeter that uses a pair of Zeeman sensitive Fe I lines 
present in the near infrared at 1564.85 nm and 1565.29 nm. It is based on a 2.5 nm interference 
filter, a 0.25 nm birefringent Lyot filter, and a Fabry-Perot etalon and it is capable of providing 
a bandpass as low as 0.01 nm over a FOV of 50". With the aid of adaptive optics, we obtained 
circular and linear polarization images with spatial and temporal resolution of 0".2 and 43 s, 
respectively. 

NST/TIO and IRIM data from Aug 12, 2011 were used to explore field emergence within a 
granule (Sec. IQl . NST/TiO and SDO/HMI data for Aug 30, 2010 were used to study details 
of filamentary field emergence (Sec. 13.21) . while NST/TiO images from Sept 27, 2010 were used 
to study bright point formation inside a granule (Sec. 13.21) . Aug 30, 2010 data were obtained 
while the NST was pointed at active region NOAA 11102 located at 20W27N of the heliospheric 
coordinate system, while other two data sets were collected in quiet sun areas. 



3. Results 

3.1. Case of small scale diffuse flux emergence 

Figure Q] shows several instances of new flux appearance inside granules associated with bright 
granular substructures. One flux emergence event occurred near the upper part of the granule 
(arrow 1 in t=0 s panel) and it was co-spatial with a bright intensity structure. This event was 
developing differently from the typical sequence, when horizontal fields appear first and the vertical 
fields follow. In our case, circular polarization (negative polarity, red contour) appeared first 
followed by horizontal fields (t=84 s, yellow contour). Approximately 2 min after the emergence 
began (t=132 s), a positive polarity patch appeared. This emerging magnetic configuration (see 
e.g., t=132 s frame) is consistent with the idea of an emerging Q loop. 

Another flux appearance (arrow 2 in t=36 s panel) occurred nearly simultaneously with 
the previous. This second event seems to be similarly co-spatial with an intensity structure. 
Comparing t=0 s and t=84 s frames one may conclude that the bright substructure was correlated 
in space and time with the intensification of the corresponding magnetic patch. However, unlike 
the first event, no associated positive polarity appeared in close proximity to the red contour. A 
weak linear polarization signal appeared only in one frame and it could have been the result of 
data noise. This event was short lived and had already disappeared in t=204 s frame. The first 
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event was still seen in the last frame, which was the last magnetogram of our data set. The two 
associated intensity features were evolving along with the granule and by t= 132 s they formed a 



bright granular lane tho ught to be associated with horizontal vortex tubes ( ISteiner et al.ll20ld : 



Yurchyshyn et al.ll201ll ). This bright granular lane showed signs of fading and disappeared by 



t=276 s. 

There are many more cases when the magnetic and bright granular patches are correlated 
in time and space. Usually a bright substructure appear at the very early stage of emergence 
before the magnetic signal is detected and often fade from the FOV before the magnetic signal 
does. Sometimes the bright patches are observed as bright granular lanes, however most of 
the time they rather are small and of irregular shape with typical size of 0.2-0.6 Mm. Another 
important point to mention is that the newly appearing flux does not necessarily always have 
a three-component configuration (positive, negative, and horizontal fields) consistent with the 
emerging of an Q loop: more often than not, any possible combination of these fields may appear 
on the solar surface. However, the common feature in all the cases is the development of a diffuse 
intensity structure within the host granule. 



3.2. Case of small scale filamentary flux emergence 

In Figure El we present a flux emergence event that produced a significant footprint on the solar 
photosphere. The background of each panel are series of NST/TiO images taken on August 
30, 2010 in NOAA AR 11102. Three panels 12 min apart are overplotted with contours of HMI 
magnetic field measurements: the red contours are plotted at -50, -100, -150, and -200 G levels 
of the line-of-sight field, the blue contour is the polarity inversion line and the yellow contours 
are plotted at 100 and 140 G levels of the horizontal field. 

The object of our interest was the small filament-like feature developing in the granulation 
field (arrow in 19:15:03 panel) between two adjacent granules. It was well defined and had a 
high contrast bright core and much dimmer surroundings. It was approximately 1 Mm long and 
appeared in the midst of negative polarity fields (red contours). A small associated horizontal 
field patch (HFP, yellow) was detected in the early stage of emergence and is present in the two 
following \JXQ 2 + U 2 ) maps each taken 12 min apart. The HFP was growing as the TiO feature 
was developing and increasing in size. The well pronounced correlation between the TiO and 
HFP indicates that the latter is a real magnetic structure rather than measurement noise. 

The TiO feature was developing rapidly and going through significant changes. In the very 
early stage a bright point appeared at one end of it (19:20:03 panel). Immediately after the entire 
feature appeared to be situated inside a transient darkening, possibly indicating significant plasma 
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down flows ( jCheung et a I J 120071 ). The darkening became less intense by approx. 19:27 UT, 
although weak dark lanes were encircling the filaments nearly during the entire life time of the 
event. Several new aligned filaments appeared later in the TiO images, as if they were individual 
threads of a larger bundle of magnetic flux tubes. The TiO data did not produce any hints of 
possible fine structure in these filaments except the brighter central core seen in each thread. 
As the system evolved, the filaments became longer and their ends were shifting in opposite 
directions, consistent with the picture of merging of Q type loops. 

At the time when the TiO filamentary structure showed signs of fading, the HMI instrument 
detected a small patch of positive polarity fields, which appeared in an area previously free of 
any strong fields and were co-spatial with one of the footpoints of the emerging feature. The 
associated polarization signal was small, so that we only plot the polarity inversion line with a blue 
contour. The appearance of this weak positive polarity suggests that the other (stronger, lower 
right) footpoint had the same polarity as the surrounding area (negative, red). The negative 
footpoint displayed "purposeful" movement toward the cluster of like polarity bright points, 
leading us to speculate that the emerging field was connected to a larger magnetic structure. 
The entire event lasted for nearly 20 min, after which the filament-like features disappeared and 
normal granulation field was restored in the area. The final extent of the event was comparable 
to the size of two granules (i.e., about 3.5 Mm). 

Further evolution this filamentary structure between 19:33 UT and 19:37 UT is shown in 
Figure [31 The appearance of the HMI positive polarity was co-spatial and co-temporal with 
formation of bright points at the tip of the extending TiO filaments (arrow in the central panel). 
The data also show that the positive polarity was rapidly moving into the intergranular lane (arrow 
in 19:33:55 panel) creating a well defined moving front of enhanced brightness (arc in 19:33:55 
panel). Such motions probably piled up and intensified magnetic fields as well as induced strong 
downflow lanes (see the dark lane on the left side of the bright ridge). Th e above suggests 
that these BPs could be due to convective collapse ( Parker 19781 : Spruit 19791). A similar event, 



associated with penumbral filaments, was recently described in 



JJmetal 



(l201lh . 



Based on visual inspection of various TiO data sets, we find that such events are quite 
frequent in active regions and plage areas, where the magnetic fields are relatively strong. To 
the contrary, they are quite scarce in quiet sun regions and coronal holes. In those rare instances 
when they do appear there, they tend to occur in association with network fields and/or clusters 
of bright points. 
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3.3. Appearance of Bright Points inside a Granule 

In Figure0]we show appearance of BP-like structures inside a granule. We do not have magnetic 
field data for this event and the following speculations are based on the similarity with the previous 
case. The event lasted for about 3 min and first appeared in the FOV as a 0.2 Mm roundish 
brightening situated in the middle of a granule (Figure[H arrow in t=0 s panel). The brightening 
grew into a ridge surrounded by a weak transient darkening (t=30 s panel). The two arrows 
in this panel indicate the extreme ends of the ridge. The t=45 s panel shows that one end 
(footpoint) became significantly brighter than the surrounding granule and shortly after one can 
clearly discern that the bright ridge has split into two bright points (at t=60 s), one of which 
shortly faded (at t=75 s). The remaining BP-like feature moved along a straight line toward 
the edge of the granule until it disappeared into the intregranular lane. The rate of footpoint 
separation, determined between t=15 s and t=60 s, was about 20 km s -1 . We speculate that 
the BP-like features are intensity counterparts of small-scale flux emergence inside a granule. 



Conclusion and Discussion 



The main inference of our study is that the new small-scale magnetic flux, passing through 
the photosphere, appears to leave different types of footprint on solar granulation: i) diffuse 
irregular patches of increased brightness evolving without any well defined scenario (pattern), 
ii) well defined filament-like structures that elongate as they evolve, and iii) formation of bright 
point-like features inside granules. 

This is the first time we observe details of granular-scale flux emergence directly in the 
photospheric intensity images. To the best of our knowledge, these are also the first reported 
observations of appearance of bright point-like structures inside granules. Similarity with the 
filamentary flux emergence does suggest that the granular bright points are magnetic structures, 
however, spectra-polarimetry data with high temporal sampling (10 s) are needed to understand 
their nature. 

The NST/IRIM magnetic field data also present some evidence that horizontal vortex tubes 
( jSteiner et al.ll2010l ) may to be associated with enhanced small-scale fields. These vortex tubes, 
easily detectable i n photospheric intens i ty maps, were also repo rted to be at the origin of small 
intergranular jets ( IGoode et ajj [2010b| ; lYurchyshyn et al.ll201ll ) first detected in NST off-band 
Ha images. 

We propose tha t the filamentary e mergence events correspond to the transient darkenings 
observed earl ier fe.g.lCheung et al.ll2008h. Th e se events may also be rela ted to the events recently 
described in Vargas Dommguez et al. ^2012 ). Strous & Zwaan ( 1999 ) first suggested that the 
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transient darkenings correspond to crests of emerging magnetic flux since they usually have bright 
points at either ends and are associated with upflows of order of 0.5-1.0 km/s. However, it is 
rather difficult to reconc ile the upflows with the transient dark e nings that usu ally signal dense 
cool descending plasma ( jCheung et a I J 120081 : iBharti et al.ll201ll : iRempell l201ll ). The rising flux 
bu ndles, observed a s brigh t filaments, may acco unt for the blue-shifted Doppler signal detected 
by lStrous & Zwaanl ( 119991 ) . ICheung et a I J ( 120081 ) suggested that a fast rising flux tube may push 
parcels of hot plasma into the upper photosphere, which overturn within a few pressure heights. 
The overturned plasma then drains down to the photosphere forming transient dark lanes around 
the rising bright filaments/flux tubes. Also, because of the small scale height, the rising flux 
tube expands rapidly when it leaves the photosphere. Strong lateral expansion and the downflows 
produce an impression in the granulation field seen as darkening. 



Ishikawa et a I J ( 120081 ) reported two types of flux emergence events. Type 1 events were 
argued to be buoyancy driven, while Type 2 events were thought to be convection driven flux 
emergence episodes. While both types have comparable magnetic field strength (600 G), size 
(about 1".5) and the lifetime (about 4 min), they diverge in the values of magnetic filling factor 
(0.44 and 0.17 respectively). Type 1 events cause granule expansion we propose that they 
may correspond to the filamentary emergence discussed here. Although the orientation of these 
emerging bipoles appears random relative to the orientation of the associated active region, they 
tend to be oriented in such a manner that one of the footpoints faces and moves toward the 
neighbouring magnetic field concentration. This behaviour suggests that the filamentary emerging 
fields are deeper rooted and they are part of larger coherent structure. 

The diffuse emergence may be understood assuming that it is convection-driven and governed 
by granular upflows. Their frequent appearance in quiet sun granulation hints that they could 
be driven by local processes such as field intensification by the granular scale lo c al con v ection 
flows (e.g-. h/ogler & Schussler]l2007l : ISchussler & Voglerll2008l : Isteiner et al.lboiol ). Litesl (hoill ) 
noted that only a very small correlation exists between magnetic flux imbalances determined for 
a subregion of very weak fields and the entire field of view (the large-scale structure). However, 
high correlation is expected in case the small-scale internetwork fields are purely due to shredding 
of the pre-existing fields of active regions, plages, etc. The absence of significa n t cor relations 
favours the small-scale dynamo rather than field re-cycling. Ilshikawa & Tsunetal ( 120101 ). noted 
that the idea of small-scale fields to be a product of magnetic field recycling is not consistent 
with the fact that horizontal fields randomly appear on the solar surface in temporal domain. 
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t=216s 



Fig. 1. — Sequence of TiO images showing evolution of a granule. The over-plotted contours 
show magnetic field components as measured with the IRIM instrument. The red (blue) 
contours represent negative (positive) circular polarisation signal and the yellow contours 
are linear polarization. The contours are plotted at 0.002 I/I c level. Time intervals of each 
image is shown in the lower left corner. The appearance of new flux is accompanied by 
development of a bright patch inside the host granule. Short tick marks separate 0.2 Mm 
spatial intervals. 
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Fig. 2. — Sequence of TiO images showing response of a granular field to flux emergence. 
The over-plotted red (blue) contours show SDO/HMI negative (positive) line-of-sight flux 
density and the yellow contours are total SDO/HMI linear polarization. The red contours 
are plotted at 50, 100, 150, and 200 G levels. The blue contour is the polarity inversion 
outlining weak positive fields. The yellow contours are plotted at 100 and 140 g levels. The 
appearance of new flux is accompanied by development of a narrow bright filament (s) and 
a transient darkening surrounding the filament. Short tick marks separate 0.2 Mm spatial 
intervals. 
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Fig. 3. — Further evolution of the TiO filamentary structure shown in Figure El The arrow 
in 19:33:55 panel indicates the direction of the motion of the filament's tip. The arc outlines 
the bright moving front that forms as the tip of the filament intrudes into the neighbouring 
intergranular lane. The arrow in the 19:35:45 panel indicates new bright points that formed 
as a results of the motion. Short tick marks separate 0.2 Mm spatial intervals. 
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Fig. 4. — Sequence of TiO images showing appearance and evolution of bright point-like 
feature inside a granule. Time intervals for each image are shown in the lower left corner. 
Appearance of new flux is accompanied by development of a bright ridge inside the host 
granule. All panels but first were saturated in order to highlight the dimming surrounding 
the bright ridge. Short tick marks separate 0.2 Mm spatial intervals. 



